Abstract Age-related declines in central processing may affect corticospinal (CS) excitability that underlies the emergence of voluntary responses to external stimuli. We used single-pulse transcranial magnetic stimulation (TMS) over the primary motor cortex to explore the evolution of CS excitability in 14 young and ten elderly healthy right-handed participants. Motor-evoked potentials (MEPs) were elicited in the right or left first dorsal interosseus (FDI) during the preparatory and premotor periods of a choice reaction time (CRT) task, which required selection of left or right index finger responses. Both age groups showed significant suppression of CS excitability in the preparatory period. However, suppression was generally less pronounced in older than in young adults. Moreover, our data indicated that a reduced suppression in the right FDI during the preparatory period was associated with longer reaction times (RTs) in older adults only. In the premotor period, both age groups demonstrated comparable facilitation levels towards movement onset. Our findings indicate that increased RTs among older individuals could be directly associated with declines in preparatory processes.
this slowing has been attributed to age-related declines in central processing (Clarkson 1978; Crossley and Hiscock 1992; Jordan and Rabbitt 1977; Walsh 1976) and working memory (Briggs et al. 1999) leading to deregulation of motor response selection and response generation. Recent EEG studies have shown that brain activity related to anticipation, preparation, and/or generation of motor responses is changed in healthy aging (Falkenstein et al. 2006; Golob et al. 2005; Roggeveen et al. 2007; Sailer et al. 2000; Sterr and Dean 2008; Yordanova et al. 2004 ). More specifically, Sterr and Dean (2008) showed that increased negativity of contingent negative variations (CNVs) in younger individuals during the preparatory period of a precued choice reaction time (CRT) task was associated with higher recruitment of the frontal brain network and lateralized activation over motor regions, whereas these trends were not seen in older individuals. Observations from studies using lateralized readiness potentials (LRPs) and/or event-related potentials (ERPs) have suggested that behavioral slowing is mainly due to slower response generation, rather than response selection and stimulus processing (Falkenstein et al. 2006; Roggeveen et al. 2007; Yordanova et al. 2004) . Specifically, behavioral slowing in elderly individuals may be due to an enhanced and prolonged activity in the contralateral motor cortex during response generation (Falkenstein et al. 2006; Yordanova et al. 2004) .
Transcranial magnetic stimulation (TMS) studies in young adults have shown a suppression of corticospinal (CS) excitability [i.e., suppression of motorevoked potential (MEP) amplitude] towards the end of the preparation period in CRT tasks (Davranche et al. 2007; Hasbroucq et al. 1997) . It is assumed that suppression of CS excitability is necessary to prevent erroneous premature responding (Davranche et al. 2007; Duque and Ivry 2009; Touge et al. 1998 ). During response generation, however, it has been reported that CS excitability is increased in the agonist muscle of the selected hand towards voluntary electromyographical (EMG) signal onset (Chen et al. 1998; Chen and Hallett 1999; Leocani et al. 2000) .
In line with neurophysiological findings, evidence from behavioral studies indicates that aging affects the readiness of the motor system, particularly in CRT tasks (Adam et al. 1998; Bherer and Belleville 2004; Proctor et al. 2006) . This may be due to a slower transition from a preparatory to an executive mode of operation (Burke and Kamen 1995) and/or an impaired ability of older individuals to benefit from precued information (Fujiyama et al. 2011) .
Recently, TMS has been applied to study age-related differences in neuronal activity during response selection or event preparation for simple/go-no-go reaction tasks (Fujiyama et al. 2011 (Fujiyama et al. , 2012b Levin et al. 2011) . However, there are virtually no studies examining agerelated changes of CS excitability during preparation and motor generation in CRT tasks.
The aim of the present study was to explore differences in CS excitability patterns between young and older adults during the preparatory (i.e., from warning signal (WS) to the imperative stimulus) and premotor (i.e., from the imperative signal (IS) to the onset of voluntary EMG) periods of a precued CRT task. We hypothesized that age-related motor slowing in the CRT task is primarily attributed to a decline in the ability to modulate excitability in the motor cortex when selective tuning of the CS tracts is expected.
Methods

Subjects
A total of 24 volunteers participated in this study. They were divided in two age groups: young (n014, aged 21-27 years, 22.8±1.7 years (mean ± SD); six male) and old (n010, aged 65-75 years, 69.3±2.8 years (mean ± SD); two male). All subjects were right-handed according to the Edinburgh Handedness Inventory (Oldfield 1971) . The average lateralization quotient (LQ) was +90.4 (±10.2 SD) for the young and +90.5 (±15.2 SD) for the older adults, with an LQ of +100 representing extreme right hand preference. All subjects had normal or corrected-to-normal vision and none of them had a history of neurological, psychiatric, cardiovascular, or neuromuscular disorders. Subjects were screened for contraindications for TMS (Wassermann 1998 ) and medication intake. All participants provided written informed consent prior to participation. The study was approved by the Ethics Committee for Biomedical Research at the Katholieke Universiteit Leuven, according to the Declaration of Helsinki.
Electromyographic recordings EMG signals from both the right and left first dorsal interosseus (FDI) and the abductor digiti minimi (ADM) muscles were continuously monitored using a MESPEC 8000 EMG system (Mega Electronics Ltd., Finland). To make sure the entire hand was relaxed, the ADM muscle was included as a control muscle. Disposable, selfadhesive disc electrodes (Nutrode, Ag-AgCl sensor with Hydrogel, 35 mm diameter, GE Medical Systems Accessories Europe, Nanterre Cedex, France) were placed 2 cm apart in a belly-to-tendon montage. The raw EMG signals were amplified (gain01,000), filtered (bandpass 4-1,500 Hz), digitized at 5,000 Hz (CED 1401, Cambridge Electronic Design, UK), and stored on PC for offline analysis.
Transcranial magnetic stimulation
Magnetic stimulation was performed using a figure-ofeight coil (Magstim, Double 70 mm coil) connected to a Magstim 200 2 (Magstim, Whitland, Dyfed, UK). Single-pulse TMS was delivered to the primary motor cortex (M1) of either the left or right hemisphere at the optimal scalp position (hotspot) to elicit motor responses in the contralateral FDI muscle. The handle of the coil was oriented towards the back of the head and laterally at a 45°angle away from the midline, approximately perpendicular to the central sulcus (Mills et al. 1992) . The resting motor threshold (rMT) was defined as the lowest stimulation intensity required to evoke MEPs with an amplitude larger than 100 μV peak-to-peak in at least five of ten consecutive trials (Gilio et al. 2003) ; the rMT was determined for each hemisphere of each individual. Stimulation intensity was set at 110 % of the rMT and was kept constant during the entire experiment.
Procedure
An overview of the experimental protocol is given in Fig. 1 . Participants were instructed to respond with the left or right index finger in a CRT task. They were seated in a comfortable chair with both forearms pronated and the relaxed index fingers (EMG-controlled) resting on a platform, consisting of two pairs of two square (3× 5 cm) conduction plates that were positioned 30 cm in front of the subject. A signaling box was positioned at eye level, 1 m in front of the subject. The box consisted of an upper row of three red light-emitting diodes (LEDs), a middle row of yellow LEDs, and a lower row of three green LEDs. In this experiment, only the central LED of the upper red row and the two outer LEDs of the lower green row were used. The central red LED served as the WS. The two outer green LEDs displayed the IS, either for a right (right response) or left index finger movement (left response). First, the red LED was lit (WS). After a preparation period of 500 ms, the red LED was switched off and the IS was given by switching on one of the two green LEDs. Catch trials were presented by keeping both green LEDs off until the onset of the next WS. Subjects were instructed to abduct and reposition the responding index finger as soon as possible on the conduction plate. The green LED was maintained "on" for 1,000 ms and then switched off. Intertrial intervals were randomly varied between 5 and 8 s. For each trial, data collection was initiated 100 ms prior to the onset of the WS and lasted for 1.5 s.
Prior to the beginning of the experiment, all participants performed a practice run with no TMS. The main experiment consisted of six blocks (Fig. 1a) . Each hemisphere was exposed to three blocks in a counterbalanced (starting left or right) and alternating sequence. Before each block, 12 baseline MEPs were administered at rest. For each subject, MEPs administered in a block were normalized to these baseline measures to correct for effects of arousal and/or fatigue during the experiment. A block included four consecutive runs, each consisting of 44 trials, resulting in a total of 176 trials per block. Short breaks (3 min) were provided between blocks. In each trial, TMS could be delivered either in the preparation period or in the response period (Fig. 1b) . During the preparation period, which was defined as the time elapsing between the onset of the WS and the onset of the IS (duration 500 ms), TMS was delivered either at the onset of the WS or 100 ms, 200 ms, 300 ms, 400 ms, or 500 ms later (018 trials/run; six right response, six left response, and six catch trials). In the preparation period, the subject waited for the IS and no information about the forthcoming response was available. During the response period, TMS was delivered at 50 ms, 100 ms, 150 ms, 200 ms, 250 ms, 300 ms, 350 ms, 400 ms, 450 ms, 500 ms, 550 ms, or 600 ms after the onset of the IS (024 trials/run; 12 right response and 12 left response). Here, the subject received information about the required movement and responded. Finally, to obtain pure reaction time (RT), two trials (one right response and one left response) without magnetic stimulation were included in each run (in total: 12 right responses and 12 left responses in all runs) as TMS can influence RT (Pascual-Leone et al. 1992) . Together, this resulted in a total of 44 trials per run.
Data processing and statistical analysis RT and time to onset of voluntary EMG activity were calculated from the trials without TMS. RTs were defined as the time from the onset of the IS to the liftoff of the index finger ( Fig. 1b; 2-4). Trials with RTs exceeding 600 ms, erroneous, or premature responses (RT< 50 ms), or trials with no discernible onset of motor response were discarded. In total, less than 4 % of all trials were discarded. The average numbers of discarded trials per participant (mean ± SD, expressed as percent of the total number of 1,056 trials) were: 1.40±1.50 % for young adults and 1.90±1.51 % for older adults. The group effect was not significant (p>0.3; Mann-Whitney U test). RT was further divided into premotor time (PreMT) and motor time (MT). The PreMT was defined as the time between the onset of the IS and the onset of voluntary EMG in the FDI muscle of the moving hand Fig. 1 Experimental protocol. a The experiment consisted of six blocks. Each hemisphere was exposed to three blocks in a counterbalanced (starting left or right) and alternating sequence. Before each block, excitability at rest was administered (baseline). A block consisted of four consecutive runs, whereas a run included 44 trials. In the right index finger movement (right response) and left index finger movement (left response) conditions (18 trials each), single-pulse TMS was delivered in the preparation period (at the warning signal [WS] , at −400 ms, −300 ms, −200 ms, and −100 ms before the imperative signal [IS] and at the IS) and in the response period (at 50-ms intervals, until 500 ms after the IS). In the catch trial condition, TMS was only delivered in the preparation period (six trials). Each run contained two trials (left response and right response) without TMS. b For a single trial, signals (signaling box, TMS pulse onset), muscle activation (EMG), and movement responses (contact plates) are visualized in a 1.5-s time frame. The preparation period which lasted 500 ms was defined as the time elapsing between the onset of the warning signal (WS, Point 1) and the onset of the imperative signal (IS, Point 2). In the response period (starting from Point 2), premotor time (PreMT) was defined as the time between the onset of the imperative signal and the time of onset of voluntary EMG in the FDI muscle of the moving hand (Point 3). Reaction time (RT) was defined as the time from the onset of the IS to the liftoff of the index finger (Point 4). Motor time (MT) was defined as the time elapsing between the onset of the movement-related EMG activity and the time of the index finger liftoff (Point 4-Point 3) ( Fig. 1b; 2-3 ). MT was defined as the time elapsing between the onset of the movement-related EMG activity and initiation of the index finger liftoff (Fig. 1b; (3) (4) .
CS excitability of the FDI muscles was evaluated for both the active and nonactive hemispheres at each condition (right response, left response, or catch trial) with respect to the TMS delivery times from the onset of the WS (preparation period) or IS (premotor period). MEPs were excluded from analysis in case of either a precontraction if they occurred during movement or if they did not appear in a 40-ms window starting 10 ms after the onset of TMS. In addition, MEPs were discarded if root mean square EMG in one of the four muscles exceeded 20 μV during the 50-ms period immediately preceding the onset of the TMS pulse. At least eight MEPs were used for the calculation of CS excitability at each time point. In total, less than 5 % of all MEPs that could be used to study excitability in the preparatory or premotor period were excluded. Because we were interested in CS excitability changes in both the preparatory and the premotor periods, MEP amplitudes were normalized to the WS and IS, respectively. More specifically, values above 100 % represent facilitation and values below 100 % represent suppression of MEPs with respect to those elicited at the WS or IS. Given the interindividual variability of the duration of the premotor period, MEPs were binned at 25 % PreMT (0.125<t≤0.375 PreMT), 50 % PreMT (0.375 < t ≤ 0.625 PreMT), and 75 % PreMT (0.625<t≤0.875 PreMT).
Advanced linear model applications (SAS 9.2, SAS Institute Inc., Cary, NC & STATISTICA 8.0, StatSoft Inc., Tulsa, OK) were used for statistical analysis. Nonparametric statistics were applied to test for significant differences: (1) between groups at individual time intervals (Mann-Whitney U test) and (2) between time intervals within each group/condition (Friedman ANOVA followed by a Wilcoxon signed-rank post hoc test). In addition, a mixed model (see Appendix) was used to estimate the rate of change (i.e., slope analysis) of CS excitability in the preparation and premotor period as function of age group, side (hemisphere), and condition.
To study the relation between performance level and CS excitability, Spearman's Rank Correlations between RT performance (right response or left response) and TMS measures (rMT, MEP at rest and at WS; preparation period: −400 ms, −300 ms, −200 ms −100 ms, and the IS; premotor period: at the 25 % PreMT, 50 % PreMT, and the 75 % PreMT intervals) were calculated. The level of significance was set at p00.05.
Results
Behavioral measures
Age group means for RT, PreMT, and MT are summarized in Table 1 . Significant differences between groups were noticed for RTs and PreMTs (all, p< 0.001; Mann-Whitney U test), indicating that older adults were significantly slower in responding to the IS than young adults. Within age groups, RT did not vary over the course of the experiment for both the left and the right responses (old: F 03.80, p 00.052; young: F01.10, p00.295; mixed model). PreMT and RT were positively correlated: older adults, for right response, Spearman's R00.83 (p00.003) and for left response, R00.87 (p00.001); young adults, for right response R00.56 (p00.039) and for left response, R0 0.91 (p<0.001). Therefore, we only report the results using the RT measure as regressor for the correlations with the TMS measures.
Resting motor threshold and baseline MEP Age group means for rMTs and baseline (rest) MEPs are given in Table 2 . rMT values for both right and left FDIs were significantly higher in older as compared to young adults (both, p<0.001; Mann-Whitney U test). However, the amplitude of baseline MEPs elicited at 110 % of rMT was similar in both age groups for both right and left FDI muscles (both, p >0.05; MannWhitney U test). For the young group, we also observed a significant difference between the right and left FDI muscles for the rMTs as well as for the Table 2 for actual values). This asymmetry was not seen in the older adults (p>0.05).
Correlation with RT performance
Spearman's Rank Correlation revealed no significant trends between the RTs and the rMTs or baseline MEP amplitudes, neither for older nor for young adults (all, p>0.05).
CS excitability
Evolution of CS excitability during the preparation period was marked by a noticeable suppression of the MEPs towards the onset of the IS and followed by a visible facilitation of MEPs in the ipsilateral active muscle (i.e., right FDI for right response or left FDI for left response) towards the onset of motor response at the end of the premotor period (Fig. 2) .
Initiation of the preparation period
Facilitation of MEPs relative to their mean baseline amplitudes was already seen at the WS. For young adults, mean sizes of MEPs at the onset of the WS (mean ± SD, expressed as percent of mean rest MEP) were: 148±59 % for right FDI and 169±92 % for the left FDI (p < 0.016, Wilcoxon signed-rank test for contrasts between baseline and WS). For older adults, levels of facilitation were: 191±70 % for the right FDI and 166±63 % for the left FDI (p<0.013; Wilcoxon signed-rank test). However, group differences were not significant (p>0.05; Mann-Whitney U test).
Preparation period
To correct for age and/or arousal-induced effects, changes in the excitability during the preparation period were expressed as percent of mean MEP at the WS (Fig. 3) Table 3 .
Major age group differences were noticed only for the right FDI (see Fig. 3 ). Significant differences between age groups were observed at the −300 ms (mean ± SD: old0111±24 % vs. young097±18 %) and −100 ms (mean ± SD: old0100±18 % vs. young078±28 %) intervals (both, p<0.05; Mann-Whitney U test) but not around the onset time of the IS stimulus (mean ± SD: old091±23 % vs. young076±28 %, p>0.05). For the left FDI, no significant age group differences were observed (all, p>0.05).
The slope analysis (see Tables 4, 5 , 6, and 7 in the Appendix, Type 3 test for fixed effects) revealed a significant TIME × AGE (F 04.30, p < 0.039) and TIME×AGE×SIDE (F07.56, p00.006) interaction.
Age differences Young adults showed faster suppression of MEPs in the right FDI as compared to older adults, (old-young: p<0.001). No age differences in the rate of suppression were noticed for the left FDI (old-young: p>0.05).
Side differences Significant differences over time between left and right hemisphere excitability patterns were only reported for the young subjects (left-right: p<0.014).
Premotor period
To correct for age and/or arousal-induced effects, changes in excitability during the premotor period were expressed as percent of mean MEP at the IS. Mean age group data are illustrated in .06 %, χ 2 (12,2) 012.67, p 00.001; Friedman ANOVA]. Specifically, a significant facilitation of MEPs was noticed at the 75 % PreMT interval relative to the 25 % PreMT interval (p00.005; Wilcoxon signed-rank test). The latter effect was not seen in older adults or the right FDI (all, p>0.05; Wilcoxon signed-rank test). No significant differences in CS excitability were found at the 50 % PreMT interval as compared to the 25 % PreMT and the 75 % PreMT interval neither for the left nor for the right FDI (all, p>0.05).
No significant group differences in CS excitability were noticed during the premotor period, in neither the selected nor nonselected FDIs (all, p> 0.05; Mann-Whitney U test). The slope analysis (see Tables 8, 9 , and 10 in the Appendix, Type 3 test for fixed effects) revealed no significant interactions with AGE (F≤3.80, p>0.05).
Correlations between CS excitability changes and RT performance
Older adults
Significant positive correlations between CS excitability and RTs were observed at the −100-ms interval of the preparation period and at the onset of the IS (Fig. 5) . For the −100-ms interval, a significant positive correlation was observed between the degree of reduction in amplitude size in the right FDI and RTs for the right response (Spearman's R00.88, p<0.001) or left response (R0 0.77, p00.010) tasks. Similarly, at the IS, a significant positive correlation was observed only between the degree of suppression of MEPs in the right FDI and RTs for the right response (R00.76, p00.011). No significant correlations between CS excitability changes and performance on the CRT task were observed for left FDI (p >0.05). The aforementioned observations suggest that less suppression of excitability in the dominant (left hemisphere) CS tracts in older adults was associated with slower RTs. In contrast, no significant relationships between CS excitability changes in the premotor period and performance were observed (p>0.05).
Young adults
Spearman's Rank Correlation revealed no significant positive and/or negative trends between the RTs and the levels of CS excitability; neither in the preparation nor the premotor period (p>0.05).
Discussion
The purpose of this study was to explore differences in CS excitability between young and older adults at different time intervals that span the preparation (i.e., from WS to IS) and the generation/specification (i.e., IS to the onset of voluntary EMG) of a motor response during a CRT task. Age-related slowing of RT, particularly during more complex RT conditions, is well documented (Jordan and Rabbitt 1977; Salthouse 2000) but, to date, the neural correlates of this phenomenon are not fully understood. Recent EEG studies have already indicated that information processing related to anticipation and preparation of a motor response changes during healthy aging (Golob et al. 2005; Sterr and Dean 2008) . Even though evidence suggests that older adults need stronger (amplitude enhancement) and longer (prolongation of the motor-related potential) activation of the contralateral motor cortex to trigger motor responses (Falkenstein et al. 2006; Yordanova et al. 2004) , it still remains unclear whether these observations reflect deficits in movement preparation or response-generation processes or both. The present study aimed to bridge this gap. We documented the evolution of CS excitability by single-pulse TMS at different time intervals during the preparatory and premotor periods in older and young healthy individuals. Our observations indicate that: (1) suppression of MEPs in the preparatory period was stronger in young than in older adults for the dominant (right) FDI; (2) less suppression of MEPs in the preparatory period was associated with slower RTs in older adults; (3) both age groups showed comparable MEP facilitation towards the end of the premotor period; and (4) for the premotor period, no significant correlations between the amount of facilitation and RTs were noticed in both age groups.
In line with previous observations (Peinemann et al. 2001; Rossini et al. 1992) , rMT values were generally higher in older adults as compared to young adults. Furthermore, young adults showed slightly lower rMT for the dominant than nondominant motor representation of the FDI muscle, whereas in older adults, the rMTs were generally higher but comparable for both FDI muscles. Both age groups showed comparable levels of facilitation at the expected onset time of the WS. Overall, no significant correlations were found between global measures of CS excitability (i.e., rMT, baseline MEP, and/or levels of CS excitability around the onset of the WS) and performance on the CRT task in older adults.
In a recent pilot study, we showed that older adults can compensate for a deficient motor activation by increasing excitability of the CS pathways to the moving effector prior to the onset of the IS in a simple RT task (Levin et al. 2011 ). This finding was in line with the evidence that preparatory tuning of excitability towards response generation in the simple reaction time (SRT) task can start before the onset of the IS (Pascual-Leone et al 1992; Leocani et al. 2000) . Furthermore, manifestation of preparatory facilitation is expected to mask response slowing. In contrast with SRT tasks, tuning of CS excitability in the CRT task can occur only after the onset of the IS in parallel with stimulus processing. Therefore, CS excitability patterns in the present study are argued to mirror the actual dynamic properties of the aging motor network during response preparation.
In the preparatory period, suppression of CS excitability towards the onset of the IS was seen in both age groups. This result was in line with previous studies reporting decreased CS excitability towards the end of the preparation period (Davranche et al. 2007; Hasbroucq et al. 1997 ) that was linked to the prevention of erroneous premature responding (Davranche et al. 2007; Duque and Ivry 2009; Touge et al. 1998 ). In addition, our observations revealed a significant interaction between age and side. The latter effect is manifested in terms of (1) an early suppression of dominant as compared to nondominant CS activity, seen in the young adult group and (2) differences in both the depth and rate of preparatory suppression of the dominant CS activations between both age groups. Furthermore, the rate of suppression was slower in older than in young adults. More importantly, the present study showed that reduced suppression in the preparatory period is associated with increased RTs. The most reasonable interpretation of these findings is that slowing in RTs among older individuals is directly associated with a decline in preparatory processes in the dominant hemisphere. Evidence from earlier studies showed that decrease of RTs in short (500-1,000 ms) preparatory periods is accompanied by reduction in CS excitability at the expected onset of the imperative stimulus (Davranche et al. 2007; Duque and Ivry 2009; Duque et al. 2010; Fujiyama et al. 2011; Hasbroucq et al. 1997 Hasbroucq et al. , 1999 Hammond 2008, 2009; Tandonnet et al. 2003 Tandonnet et al. , 2010 ). In the current study, lower suppression of MEPs yet longer RTs in the older individuals may appear seemingly contradictory. Nonetheless, it has been documented that faster RTs in CRT or Go/NoGo tasks are associated with increased activation of inhibitory interneurons (often expressed by a gradual increase of SICIs) towards the expected onset of the imperative stimulus (Fujiyama et al. 2011 (Fujiyama et al. , 2012b Soto et al. 2010) . This observation has been argued to reflect an increased recruitment of GABA A -ergic inhibitory circuits (Kujirai et al. 1993) , presumably to suppress premature responses during the preparation period. Recent work from Fujiyama et al. (2012a, b) reports that an increased capacity to regulate inhibitory function was positively associated with better performance levels in older adults. It is noteworthy that previous studies already showed that preparatory suppression might be manifested at the cortical level, including inhibitory processes in the contralateral motor area (Duque et al. 2007; Hinder et al. 2010; Talelli et al. 2008) . Additionally, the involvement of higher order motor areas such as the dorsal premotor cortex cannot be ruled out (Duque et al. 2012) . Nonetheless, there is no direct evidence to estimate the actual contribution of those brain areas to preparatory suppression of MEPs observed in the present study. Finally, preparatory suppression of MEPs can also be associated with subcortical and/or spinal levels of the motor system (Duque and Ivry 2009; Duque et al. 2010; Fujiyama et al. 2011; Hammond 2008, 2009; Tandonnet et al. 2011) .
In the premotor period, facilitation of MEPs was observed in either the right or left selected FDIs at 75 % of the PreMT. Levels of facilitation were rather feeble (110 % to 120 % of MEP amplitude at the onset of the IS) and not significantly different in both age groups. This result was in line with previous studies reporting increased CS excitability in the agonist muscle of the selected hand towards voluntary EMG onset in young adults (Chen et al. 1998; Chen and Hallett 1999; Leocani et al. 2000) . In addition, no correlations were found between individual levels of facilitation at the 75 % PreMT and RTs (neither for older nor for young adults), indicating that higher facilitation of MEPs in the selected FDI did not necessarily predict faster RTs. More importantly, both young and older adults showed similar trends of MEP suppression in the left FDI. These suppression levels were not associated with faster RTs in either age group. Accordingly, we hypothesize that preparatory processes in the right (nondominant) hemisphere are less affected by aging.
In summary, the present study provides new information on differences in preparatory processes between young and older adults during execution of a precued CRT task. Our data indicate that: (1) older adults show less suppression of CS excitability in the preparatory period for the dominant (right) FDI; (2) reduced suppression of CS excitability in the preparatory period is associated with slower RTs in older adults; and (3) both age groups show similar levels of MEP facilitation towards the onset of voluntary motor response. Our results provide compelling evidence that age differences in preparatory processes do predict age-related slowing and indicate that motor generation is not a source of motor slowing. of change (slopes) of CS excitability in the preparation and premotor periods as function of age (young vs. old), side (left vs. right hemisphere), and condition (selected vs. nonselected FDI).
Methods
A mixed model including fixed effects for AGE, SIDE, CONDITION, and TIME and their interactions was used to describe the rate of change in CS excitability. Averaged MEPs per subject, side, condition, and time point were entered into the model. A random intercept for SIDE was taken into account to correct for the correlation between both sides of the same individual. Furthermore, the repetition over time was handled by estimating the correlation of the measurements obtained from the same side within a single individual as a constant [compound symmetry − PROC MIXED (REML)]. Model fit was checked based on a graphical exploration of the residuals.
Results
From the estimates of the model (Table 4) , the general slopes can be calculated per time point and for all combinations of side and age group. These slope estimates are shown in Table 6 . A negative estimate indicates suppression, while a positive estimate corresponds with facilitation. Although the estimates at −400 ms and −300 ms and before the imperative signal (IS) show a slight facilitation, the estimates are not significant. Towards −200 ms and −100 ms before the IS and at the IS, the estimates are negative indicating suppression, which is strongly significant. From Table 7 , furthermore, differences can be investigated between both age groups and both sides at all time points. It can be noted that there is a consistent difference between the old and the young age groups at the right-hand side for all time points (p00.0008), while the left-and the right-hand side are different for the young subjects at all time points (p00.0142).
From the estimates shown in Table 8 above, the main conclusion is that the slope for the selected condition is strongly significant and positive indicating facilitation. With respect to the nonselected condition, it can be noted that only for the young age group, it is slightly significant and negative, indicating suppression, while the older show neither facilitation nor suppression. Table 10 shows the differences between the old and the young age groups over all time points as well as the differences between both conditions. The main conclusion here is that between age groups, there is no significant difference, while both conditions are clearly strongly significant at all time points.
